
NOLTR 62-197

- THE SHOCK-TO-DETONATION TRANSITION
IN SOLID EXPLOSIVES

C..DJ

13 NOVEMBER 1962

NITED STATES NAVAL ORDNANCE LABORATORY, WHITE OAK, MARYLANn

Ez a*

Reproduced From
Best Available Copy

NO OTS



NOICE: When goverment or other drawings, speci-
fications or other data are used for any purpose
other %ban in connection with a definitely related
goverment procurment operation, the U. S.
Government thereby incurs no responsibility, nor any
obliation vhatsoever; and the fact that the Govern-
ment may have fornulated, furnished, or in any way
supplied the said drawings, specificationsq or other
data '.z not to be rega-red by implication or other-
wise as in any ranrr licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



S......UNCLASS IFIED
• ' •NJLTR 62-197

THE SHOCK-TO-DETONATION TRANSITION
IN SOLID EXPLOSIVES

Prepared by:
S. J. Jacobs. T. P. LiddiardJr., and B. E. Drimmer

"ABSTRACT, Experiments on the initiation of detonition in
cast and pressed explosives (TNT and various cyclotols),
subjected to plane shocks introdaced at a plane surface, are
presented and discussed. Shock amplitudes ranging from 28 to
140 kilobk:s in the explosive were generated by using plane
wave lensts with various combinations of donor explosive and
barrier composition and geometry. Vie shock velocity was
obtained in each sample as a function of distance of travel
into the wedje-shaped specimen from distance-time records
obtained with a smear camera. The resulting curves for castexplosives axe found to be quite different from those foi

pressed explosives. Furthermore, cast TNT exhibited a result
ancmalous to the other cast charges. The observatio,ý,a are
interpreted as showing evidence that "hot-spots" must be
present behind the shock to explain the rapidity with which
the dotonation is established. Sources of hot-spot formation
"are suggested, The reaulta obtained at the lo-wr shock
amplitudes when compared to results on the NOL gap test lend
support to the idea that peak pressure and pressure history
in the shocked elements of explosive are far more important
than wave shape in determining the time for transition
to detonation.
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WA THE SHOCK TO DETONATION TRANSITION IN SOLID EXPLOSIVES

This report Aescribos recent NOL experimentel] work and thinking
concerning the phenomenon af initiation of detonation in an
explosive subjected to a plane shock of known peak ainplitude.
The necessary information on shock amplitude it obtained by means
of direct measurement of shock velocity in thu experiment. These
results taken in conjunction with relates experiments and
theoretical work on the transition from ihock to detonation are
believed to contribute subptantially to our understanding of how
explosives are initiated. This understandinS is of utmost
importance in defining the sensitivity of explosive and prtpellant
materials, and in eefining the variables which are in.portant to
characterizing sensitivity. The ultimate objective of work
along these lines is the establishment of a bavis for safety in
hand1ing and reliability ir the use of military ordnance.

This roport was presented as a discussion paper at a Detonation
Phenomena session of the Ninth symposium (International) on
(nmIbe.4-nn, held in- Corvine 1 Ui 4,vereit on, hr.,¶n- 27 - Se"a--a --... --...... .. - -.- - - - - - - - - - - -.. - - --... ..- .... .. .-,

1962, and sponsored by tha combustion Inutitut4. It will
eventually be published aa a contribution to tie Proceedings of
that Symposium.

4- The work wan porformed under NOL Yask 260, Project LACE.

A previous NOL report to which this work is related appeared is
NAVORD Report 5710, confidential.

R. E. ODENING
Captain, USN
Conmar.der

C. J ARONSON
By direction
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XNTRO'rJCT ION

SIt: -,ay be o-b' historical interest to note that many year-•
ag3 Cornell Usi.vrsivy was the ozene of another discussion on
the problems of shozk-to-d~tonation traneition. In 1945 a
small grvup of scientists from the OSRD, the National Research
Council of Canada, the Lriay, and the Navy met here to exchange
ideau concerning datonation in explosives. G. Hertzberq (1)
described to that group some interesting smear-camera records
he had obtained concernIng the it.itiation of detonation i.
solid and liquid explosives. At the same meeting he described
a cardi-gap test which wae probably the first of many to follow.
E. Bogja (2) also presented a number of importanit, and at tIhat
timn perplexing, experimental observations on the cransition
from shock to detcnation. The work dJscussed in that ineeting,
and nuch of the work that followed, suffered for lack of
quantitative description of the forces and energies present in
;the incoming shock which cause a detonation to form.

After a lapse of over ten years, work began to be reportod
in tho open literature which describad in quantitative terms
the build-up to deconation from shocks of kr.own prissure
am.tplitudem (3-7). The list of papers has growi. rapidly in more
recent years (8-15). In the majority of these papers the build-
up to datcnatio. hts been attributed to an initiation of
chemicai reaction by zither a uniform or a locaiized temperature
rise ar-ociated with the adiabatic comrression, foll.wed by groth M--
deterinajed by the cont.ini.ied speed-ý.p of the reaction once begun.
An alternate h:,pothesie which postulates the development of
high thermal conductivity behind the shock leading to a heat
pulse has also Lppeared (1.6-17). The latter hypothesis makes
no clear distinction between the behavior of liquids and poly-
crystalline solids. The former, more prevalent, viewpoint
su plies a framework for explaining differences in behaior:
(7 between solids and liquids, (b) between salids formed by
different tecbniques (such as by casting cr by pressing), (c)o•2-• due to geometric config-ralt|ons zof the medium under &tidy, and _
(d) due to spatial &nd temporal distribution of pressure and
flow. The transitioit to detonatioi_ in P liquid exý,losive, when

la pane step shock is induced in it, apppa.'s to be the simplest
to explain in its physical aspect- (8, 19-20). Here the
temperaturr rise in a homogeaeous compression %eems sufficient
to account for the build-up to det-nation. The meager evideice
from experim.ints on single crystals, carried out in such a way
that rarefacticn effecto mav be considered negligible, are in
a-cord %ith this mclel (9..
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The responea cf polycryscalline solid explosivre to the
entering shock is not as cloar as in the case of liquld explosives.
Solid explosive- tre formed into a mass which contains numercus
crystal entities, And both mecroscopic and microscopic voids.
h•zn initiated by plana shocks of low shock &mplitudn, tho
depenlence of build-up time on crystal size and void content
makeu it faixly evilentt that the low temperature rise calcul't-*d
for a homogeneous compression cannot accov.-it for the abserved
transition. Thus a hot-spot mechanism of the typo suggested by
Bowden and othery (21-24) io required. The rconfitmatfun of
early work by Winn"- (7) and Marlow (6), who reported that
induced shocks witl ,-,asurea as low as 20 kilobars would cause
transition-to-detonation, has est.iblishad important support of a
mechanism centexed around a relatively small number of initiation
sites. Studies to show how a detonation develops when both the
physical state of the explosive and the shock amflitude are
varied, are beginning to lead to a better understanding of the
nature, magnitude aisd behavior of the initiation sites.

The shock-to-detonation transition has veen studied at NOL
by the use of a plane-wave system zrranged in such a way as to
make it possible to follow continuously the wave font within
the shocked sample (3, 4). The experiments to be doscribed
have made it possible simultaneously to establish the initial
pressure in the shock and to observe the growth-to-detonation
as it develops. Thc observations are made on a wedge-shaped
test sample, the wedge permitting observations without grosslyPffect;n h oedmesos f!-~. in tj!e -e-ge- ^F inte-Arest:

"Th is .s equivalent to the observatiot. of grnwth wj.&~jil an
explooiive charg. of much laiger dimensions. Thus, the results
appear to agree reasonably well with shock-initiation work on
lon- cylinders of cross-sectional area compaTable to the area
of the face af the test wedge, provided: (a) the observations
in the cylinder are nade in the region of its axis (no% on ivs
exterior surface), and (b) the presoure-tim. histories of the
entering shock are similar. Tho results of these experiments
are in accord with the explanation that growth-to-detonation
in polyzrystalline solids is the rerult of pressure build-up
from temperature-triggered chemical ieas"ion spreading from
")ocalized siteb.

EXP3RIM3JTAL

A typical set-up for generating 20-to 180-kilobar, plane
shocks in the test cpecim n is illustrated in Figure 1. 1,i
this example the 11-cm diameter plane-wave generator daveloped
a detonation wave that was flat to 1 0.3 rxn over a dia-eter of
9 cm. K slab of explosive, 12.5 cm x i2.5 cm x 2.5 cm was
plazed between the generator Lnd a 20-cm diameter disc of inert
barrier, or shock attenuator. A sample of the test explosive,

2
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in the form of a 25* wedge (apex angle 900) w&s then placed (;n
the opposite face of the attenUator. (A th'in film of silicone
grease was generally placed 1,etwet-i the attenuator and thes test

'F- . wedge to minimize the possibility of accidentally causing a
hot-spot by a small antount of entrapped air in the regiors.) In
gereral the teat wedgee had facts 3.2 cm by 3.2 cm, and thni,%fore
were 1.4 cm high- For the leor sensitive explosives, or where

very low-amplitude shocle were to be used, larger wedyes were

Ibis different pressure levels in the test explo.;ive wedge
were obtained by varying the di.tforent. conwponants of the shock-
gctierating system. Thus, the slab of explosive, between the

plafle-wava generator and the inert shock attenuator, was either
cast Composition S, Baratol, ot TNT; in addition, thie thiciness
of this slab was increased to as much as 5 cm, as the~ ncad~fE warreinted. The attenuator was either solid brass, aluminuti', or
Plexi~jas, o~r was made from 1-cm thicknesses of such materials
in various ;aminated configuratiors, to produced the desired
shlock prossu,ýes.

The phase vslocity of shock arrival along the wedg.o free
surface was determiiaed wit~h a smear camera having a writing
speed of 3.8 mni/microsecond. The ar..ival of the wave was re-
corded by t1'.e comer& by using an aluminized Mylar fi~lm on the

surface of the specimen, and reflecting lig'it from an electrically-
.exuolo.d wire confined in. a alises capillary. When the wave reached

was brutlyredu.e anshow in Fig~ure 2, permitting pr-ecise

int th wege.11'loctyof shock propagation was then ob-

L to be aw small as possible consistent with the desired height,
so that rarefactions from thi region previously shocked would
not penetrate into the region behi-nd the yet-unshc'cked portion
of the wedge in time to effect the desired obveirvations.

7cr e&a~h experimental arrangement the initial froie-surf ace
velocity of the attenuator, without the A.iplosive sample, was
determined by direct measurement in an ide..itical lmns-donor-
attenuator system. similar prolilainary experiments determined
that, at t1te center of the plate, over a diamuet~er of 5 cm, orVt more, the tims-of-arrival of the shock was simuitaneous to within
30 nanopeconds, while the free-curf ace velocity was constant to
within ± 2%. The particle velocity in the attenuator, at the
metal-specimen interfdce, i's then given by the usual assumption
that it was one-half the' moaaured initial free-surface velocity.
'rho shock Hugoniots for Plexiglas and for the Naval bras% uced

3
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° in these ex.-1,r.entp w ee uo..tain-.d by cirect measurement of
4, thock and fice-sirf&ce velccity by tho methods described by

Rice et. 1 (24), and Iy Co;*burn (25). The Hugoniat for 24ST
"'ljuminum was taken from f.hc report by Rice (24).

"INFORMATION eTITAINSD

The oxpljeivcs sLudied and their pertInont properties are
list.d in TaLle I. 'ilie obseLved time-of-arrival of the sho-k
is eturbance &t the waedce free surface was converted to a

vAlocity-distanTe (U-s) curve within the wed"e, by careful slope

measuremea1t of the smear-cav,.;xa ruc.rd, assuming p'ane-wave
propagation Jnside the wedqc. As shown below, the value of the
obsenvud shvck velocity at zero wadge thickness was used with
tLe Hugoaiot data for the shock attenuator, to determine the
initihl pkessure in the exp~orive. Hugoniots for the urreacced

. explosives were then constructed from these data, assuming that
"negligible chsaitJcal reactior. had occtrred at this zero wedge
thickneas dxicing pasiage o± the shock. Shock velocities at low
pressure %p- 2KB) were established from measurements made on
"the same explosivos, using a simple aquarium method for shock
transit-time observations (26).

The shock Hugoniots for both the inert barriers %nd the
nop-reactina epl~ouives ?.ra conveniently expressed by relating
shock velocity (U) to particle velocity (d) in the simple form:

U-a+bu+cu 2

•UJ' where a, b, and c aru constant&.. Whlen Ibib eqkitnion is applied

to the experimental data by the method of least squares, the
M. value of the constant, c, is often co small, that in the region

--f interest, the U-u relation can generally be considered linear
to acceptable accuracy. The valuis of a, b, and c in this
equetion are listed in Table II for a nunber of ,materials used
in our wurk. Pressure, density, and energy jumps across the
shock tront tre derived by the well-known hydrodynamic relations
"-ftr a shock (assuming initial pressure i~egligible)s

.- p 0 U U, 2)

P- 0 u/(U-u), 3)0

_v 2
E- 0e-p•Vo-v)/2--u /2, 4)

where p iu pressure, cis density, E is specific energy and v is
specific volume (reciprocal of o). Subscript "o" refers to the
unshocked state. The particla velocity in the non-r!actinc
explosive was determined by boundary-value matching of p and u,
as illuntrated in Figure 3, using the calibrated value: of

V 4
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particle velocity and pressure in the barrier (at the barrier,
test-explosive interface) and the observed shock velocity in '

the test explosive (at the same interface)- In the Figure,

suibscript "e" refers ý, states within the shocked explosivel
subscript m" refers to states within the shocked m!etal barrier.

In aplyng hismethod, the p-u curve for the reflected ravre-
fr'-ction (or shock) wave within the barrier (in this illustration,
brass) is approximated by the reflection of the shock p-u curve

for ýhe barrier, about the line: u equal to 1/2 the free surf aceEL velocity for the barrier in the given experiment. Since the
pressure and the particle velocity across the interface must be
continuoua, the desired solution is the interanction of this
rarefaction line. with the straight lizie for the explosive
passing t.hrough the origin and having a slope

P/u 0 0 U l5

where U is the measured shock velocity in the test wedge of

pprxiato~~inoled tismethod is a sbtnilimprovemeuit
over the linearized impedance equation assumption often made,4 and E-sviously used in this Laboratory (3). The latter method
leads to a larger system~atic erzor in the pressure and particle4 velocity than the present approach.

RESULTS

The experimental observationa may be conveniently shown as
graphs of shock velocity in the explosive sample as a function
Or distazice traveled trorn the m-tal Intert,%ce. Figures 4 annl 5
arc tyj4..... of the results found &t NOL. In Figure 4, tho
results for the three cast cyclotols are shown for three jijI ial
shoo~k amplitudes using brass attenuators. The first point to be
noted is that the initial wave velocity increases as the brass
plate thickness decreases. The initial values for the twop Compoaition P types are the 3ame for a given brass thickness.
These velocitieu were converted to the pressures shown. in Fig-urE'
4 by the proc-idure previously described. The second feature of

the curves is that the dislance to build-up-to-detonation in a
function of the initial pressure. Composition B-3 shows a

o$4 shorter transition distance tian Composition B at each pressure
level. The difference most proba~bly is due to an RIAX particle-fr ~iize effect. The curves of Figure 4 are typical of the largest

I m~ajority of records obtained in this Laboratory on over a hundred
trials with a number of cast and plastic-bonded explosives at ~

r ~ bulk densities in excess of 97% of theoretical maximum.

TNT, when cast, exhibits a somewhat different shock propa-
il gation history. For initial pressures in the explosi-e below

100 kilobare our records consistently show evidence of what

5 '. 1
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appears to be a levIlling off of velocity in the neighborhood
of 5.3 nmm per microsecond, followed by a second rise, to normal
detonation velocity, Figure 5a. This type of observation has
appeared too frequently for us to attribute it to reading error.
J. M. Majowicz (3) first observed iL'ais initial step, but failed
to see the later tianaition- to-detonation because his wedge
was only 14 mm in height. The final transition is seen to occur I
at greater distances in the pressure range shown in Figure 5a.
When the initial shock in the cast TNT exceeded 130 kilobars, the
initial wave velocity exceeded this intermediate, plateau value
and only one transition was observed, with a considerably
shortened distance to oetonation. For pressed TLIT, the results
for low initial shock pressure show new features, Figure 5b. The
observed initial shock velocity is out of line when compared with
the results from cast TNT, being too high for a non-reactive shock.
Furthermore, the transition-to-datonation occurs in a distance
considerably shorter than in the case of cast TNT charges shocked
by the aame shock generator system. One may note that one of the
curves in Figure 5b involves a pressed charge at a density highi;z.
than that oi the cast TNT, yet the growth distance to oetonati.n
is still only 4 mm as compared to 15 to 20 mm for the cast charges
shocked in a similar manner. It is therefore quite clear that
-harce norosity per se is insufficient to describe the effect of
physical state on the transition history. lbe effect of pressing,
shown here for TNT, in shortening the transition distance is also
preaent in the cyclotols and in other explosives° we may cite
Composition B as an examples with a 1-inch brass barrier (initial
P.07 7 kilobars) pressed Composition B reached full detonation
velocity in less than 2 nun, compared to 4 mm for the cast
explosive.

The "overshoot" shown in the velocity-distance curve of
pressed TNT, Figure 5b, requires comment. In p-essed explosives
our camera Kecords consistently have shown this irregularity,
which we have interpreted as a transient rise to velocities in
excess of the *,ormal detonation rate. In some records the
Svelocitits appear to be as mach as 50% over normal, but more
frequently, as shown in Figure 5b, the excess is about 20 - 30%.
Such overshoots are entireiy possible, we believe, on hydro- 4

dynamic grounds, depending on the nature of the reaction-rate
profil3 behind the shock front. i•n the other hand the distance
over which enuess velucity has been observed in our records is

mnmll, of the order of 1-3 mm. While reading errors, made
during measurements of phenomena rapidly changing over such small
distance&, are aggravated by the mathematical process of differ-
entiation. careful examination of the photographs indicate th&t
the records definitely exhibit such super-velocities. We believe,
therefore, that the photographic evidence of the overshoots is
beyond reading error, although the magnitudes of the overshoots
cannot be precisely determined. Campbell, et aL (9), have also

tUNCIAS IFIED
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studied presaed charges. They have been quite emphatic that no
overshoot had been detected in any of their experiments on
pressed solids. We admit that there is room here for honest
differences, awd these may be du6 to differencau in the two sets
of experiments. More refinement of the experiments are needed
to settle the question.

The transition distance vs initial shock amplitude within
the er~ploeive has now teen %etermined for cast Composition B-3,
over the iange 30 - 13G kilobars. It has been found that a
straight line very nearly fits the results if one plots the
reciprocal of the distance against the initial pressure, as
shown in Figurn 6. This line extrapolates to an infinite distance
at p -28 kilob&rs. This can be interpreted as an indication of
the throahold pressure for initiating this explosive with the
given shock generator. A cursory examination has b-en made of
the rate of pressure decay behind the shock in the shock
generator system used to obtain tl.e data of Figure 6. Our best
estinate is that the pressure will fall to about 60% of peak in
a time of 2 microseconds after passagf of the shock into the
el:plosive, in the absence of chemical reaction. This decay rate
is comparable to that estimated to occur in the NOL gap test
(12). When Composition B-3 was tested in that gap experimsnt,
the S0% point for detonation was found to require an initial peak

lam vlue in thm ^vpl1ive of 20 kilobara. The closenesi of the
thrishold shock pressures in the two experil ntm for the sanr.,a
explosive may te used to infar that the long cylinders will, near
the sensitivity limit, show the same uniform initial velocity
as we have found in the wedges at very nearly the same pressure
level. The velocity would be near ecoustic because at pressures
in the neighborhood of 20 kilobars the shock wave velocity in
near to the limiting acoustic valve. Cachia and Whitbread (5)
have actually observed this initial "constant" velocity with
ionication probes embedded in cylindrical charges at somewhat
higher pressure levels (U-4 •mn/microsecond). The 50% gap
experiment has ehown a very sharp cut-off oetween •go" and "no-
go" in Composition B. It now appears that the range between
practically 0% probability of detonation build-up and practically
100% probability is about 1 to 2 kilobars in the donor shock.
We could interpret this result to mean that in the constant
velocity region the shock pressure is actually increasing by
about this amount in the cases wnere a detonation is established.

DISCUSSION

The clarification of the nature of the growth-to-detonatin
from a mechanical shock has required that quantitative measure-
ments of the initial shock pressure be estabalished. Since the
first work at NOL we have mapped out (non-reactive) shock
Hugoniots for a itumber of sclid explosives, two are 2resented

.7
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here. Our work has shown that both time and distance for growth-
to-detonation is monotonely related to this initial shock
amplitude. In 1956 an ad hoc theory was presented in a note by
one of us (27) to relate the growth process to shock and react'on
variables. It was pointed out in that note that the history of
the build-up would probably depend not only on the initial shbck
amplitude but also on the nature of th& rarefactions behind the
initial shock. A subsequent paper by Majowicz and Jacobs (3;
concluded that the build-up in experiments such as those
presented here, must have involved a substantial induction
period before any" chemical reaction occurred, because tLe
observed shock velocity was initially constant, innofar as we
could detrmine. Our present position has changed in regard to
this delay mechanism. It is now clear to us that our initial
shock was followed by a rather steep pressure decay. In the
presence of this rarefaction, the velocit", of the leading &hock
in the explosive should have fallen by a messureablv arount if
it had not been supported by energy contributions from reactions
which must have occurred shortly after passage of the shock. The
absence of such a velocity decay indicates that the rate of the
reaction closely behind the wave must be increasing as the shock
progresses, so that ultimately, the reaction rate, increasing
non-linearly, caus'es the shock to build-up very rapidly to
a detonation.

*-rnere now have beer. reported a numLber of related st-udioe
by several groups to describe in quantitativt terms, the growth-
to-detonation in solids. Through these studies it is apparent
that a unified picture is emerging. In discussing the problem
we find important support in the work of Campbell et al (9),
who used plane shocks as we did, but employed donor charges
which were considerably larger, thus leading to a much slower
decay of pressure behind the incident shock. Brown and Whitbread
(15), who studied initiatirn by the impact of disks made of
several materials, 3h.-wed quite clearly thAt the threshold fox
initiation depends on both the amplitude and duration of the
initial shock within the explosive but not on the properties
of the disk. Favier and Fauquignon (14) have also shown a
dependence of the build-up distance on the pressure induced in
the explosive irrespective of the attenuator composition.
Similar findings have been reported by Sultaroff and Boyle (10)
for shocks through various attenuating media including air, and
for shocks induced by cylinder impact. Jaffe, Beauregard and
Amster (12) have established the relation between barrier
thicknese and shock peak pressure in a controlled gap-test
experiment and have thereby established thresholds for initiation
where the duration of the incident shock is somewhat longer than
that of Brown and Whitbread.

8
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If w3 confine our attention to cast and plastic-bonded
exrlosives, the conclusion reached by Cachia and Whitbroad (5)
and by Campb.ll. Davis, Ramsay. Travis (9) for build-up to
detonation is, with minor modifications, the interpretation
which we find acceptable. This may be stated as follows. The
incident shock initiates a small amount of chemical reaction
(in localized regions) with essentially no delay. The growth
depends on the pressure effect due to the initial shock plus
thc pressure contribution due to the reaction. If the net
presaure behind the wave increases, the leading stock wll
grow to a detonation. If it decreases the detonation will fail.
The first pcint of complete reaction will depend on the reaction-
time history oxptrienced by the explosive layers after the shock
has passed. If re..ction in regions behind the shock are slowed
down or stopped by adiabatic expansion or heat conduction, the
detonation wave will probably form at or near the shock front,
if it is foried at all. The extent o0 initial reaction and its
subsequent growth in a given region will be strongly dependent
on the sliock amp>.tude entering that region.

Before exploring the mechanism further, we would like to
point c it a few facts and their i;,nlication concerning shock
initiation of detonation k.ear threshold pressures. It ir now
quite clear tlat detonations can be initiated in solid explcziies
by shocks with peak pressures between 20 and 40 kilobars, in

square charges (6, 7, 10, 12). By comparison, liquid nitro-
methane requires 86 kilobars, liquid TNT aboxt 125 kilobars.
and Dithekite 13 (HNO 3 /nitrobenzene/i20:63/24/13) about 85
kilobar6 (8). In these low denbity liquids, tb"e average
temperaturt rise at these pressures, in the reighborhood of
800 to 100 *C, appears quite adequate to account for transition
to detonation by an initiation process involving homogeneous
react on kinetics. Vie hydrodynamic calculations made by
Hubbard and Johnson (18), Boyer (19), and Enig (20), clearly
show a direct correspondere-i between what is observed experi-
mentally and what is predicted from computer runs. In particular
the ranid growth to a detonation behind the leading shock, the
overshoot in velocity and pressure when this detonation over-
takes the leading shock, and the subsequent decay to normal
detonation, appear in both the experiments and in the computa-
tion&. it is less clear that the temperature rise associated
with a homogeneous compression can ba sufficient to initiate
reaction in solids at pressures of 80 kilobars, and at 20-30
kilobars such a possibility is out of the question. At 80
kilobars the Hugoniot energy jump given by equation 4 is 122
calories per gram for Composition B. If we assume that all of
this energy is thermal and the cpecific heat is as low as 0.35
cal/g/deg the temperature rise would be 3500C on the average.
At 30 kilobars the Hugoniot energy is only 28 cal/gm and the

9
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average temperature rise using the above assumptions is 79'C.
There is ample opportunity to consider the localizing of energy
in microscopic regions (but lar~o relative to molecular dimensions)
within the solids under comprerilon. Many workers fallowing Borden
have noted the existence of small voids in solids, and have
accepted the simple hypothesis that qas in such voids woul4 get
sufficiently hot undeo shock comression to supply the needed
initiation temperature rise. This arqument was tated 1y Cachia
and Whitbread by comparing the 50% gaps for an explosive con~ain-
ing in its voids, various gases or a vacuum (5). The same 50%
point was found in every case. Is it not possible that the void
act in other ways? We think the answer in yes.

A few of the possible ways for localizing energy are the
following:

a. Micro-- cughness of the shbcck anI rhock-wave
interaction (Campbrli).

b. Elastic-plastic changes behind the shock front
with localised shear or fracture.

c. Discontinuity of flow near voids le-Sing
to Uhear.

d . Dicairut of rli~ at gri cnfi

e. Spalling or spray into voids. (Jobannson).

f. Phase change under shock loading.

g. Defects in the crystallities.

We do not have evidence to support unambiguously any of the
above as tha mechanisms. Our thinking has strongly le&ned to
shock-produced micro-shear or micro-fracture at or near voids,
as the path by which the explosive in locally ignited, but we
do not yet know precisely how to characterize these variables.

In the paper by Campbell on initiation of solids (9),
evidence is cited to the effect that the explosive near the
entering boundary reacts to only a small extent, transmits its
excess pressure, and then apparently stops reacting. They wtate,
on thn basis of these experiments, that the explosive in that
region not only fails to react to compketion but also will not
sustain further reaction when subjected to a second shock (as
from the region where detonL ion final]y is established). This
argument is plausible, we believe, for some solid explosives in
the wedge type experiment used by Campbell and by us. Two bits
of infomation will be used to discuss this point. First,

10
UNCLASSIFIED



UNCLAdSIFIED

NOLTR 62-197

Bayer (28) ham used a model to compute the transition to detona-
tion in solid explosive& in whtich two mechanisms for reaction
are assumed to proceed simultaneously. One is an ignition
reaction based on first order homogeneous reaction kineticsi
the second is a surface burning reaction in which the Arrhenius
terms contained in the equation are the shme as in the ignition
reaction. An arbitrary limit of 1% of the total mass is allowed
to react according to the ignition mechanism. The computed
result showed a shock velocity vs distance cur,'e very similar to
these shown in Figure 4. The result also showid reaction to
first go to completion at points in the explosive whict were near
the accelerating shoc% front. No baais is given for limiting
the amount of material reacted by the ignition reaction to 1%.
It is possible, however, that heat transfer from the reacted
sites could, in fact, cause a limitat.on of reaction to this
order of magnitude provided that thA initial shock were not too
strong. If it is assumed that localized reaction can quench
after a very short time an explanation must still be found to
account for failure to re-ignite and propagate a detonation
backward after detonation is established in the forward direction.
The following observation on detonation failure in preshocked
solid explosives seem pertinent to this problem.

It has been established by repeated experiments in our
Laboratory, that a sten0y-state detonation in a sheet of EL 506C1

between 0.05 and 0.24 inches in thickness, can be quenched if the
dvtonation encounters a regirin in the explosive wnich is being
compressed to a high density by a second shock wave having a peak
pressure between about 10 and 20 kilobars. In one series of
experiments using the set-up of Figure 7, the explosive in two
parallel layers separated by a plastic gap were initiated simul-
taneously at opposite ends. As both detoaations propagated the
bow *hock behind the detonations moved toward the alternate
layer of explosive. Each layer of explosive was thus compressed
by a shock frcin the alternate layer of ixplosive. Whin & detona-
tion reached the preshocked zone it was sean to fail very quickly
in smear camera records. Undetonated explosive could be picked
up from the floor of the test chamber 2 . Other explosives have
shown similar quenchout, e.g. cast RIW/tMT, IM0/Plastic. It .5
very likely that the shocked explosive rescved to some small degree

- BL-S6, is a pliable, sheet explosive, manufactured by E. I.
duPont Co., containing approximately 70% PETN, and 30% inert
material.
2. Johannson (31) has described experiments on dynamites in which
air shocks, leading a detonation, eculd cause the detonation to
fail.
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because of the first shock, but then, not only was this reaction
quenched in the manner suggested by Campbell, but also the
explo3ive in this shocked, compressed state war unable to
propagate a detonation already estsblished in the unihocked
region. These observations lead us to conclude that the hypo-
thesis of Campbell can to valid under appropriate conditions.
In the case of lonq c-,linders shocked from one end, the retona-
tion can be explained by the fact tVat rarefactions behind the
growing shock (originatinq mainly at the cylinder cides), will
return the explosive to a condition where it is again receptive
to a build-up to detonation by a shock origirating at the region
where detonation is extablished. Some very interesting experi-
ments described by Clay. et al (29) in which a shock in
Composition B is found to grow to a detonation after passage
through a preshocked zone also may find explanaticn in the
observation of preshock qrench"•g.

SUMMARY

We have examined the qrowth-to-detonation from mechanical
shock for TNT and 3 cyclotols. Both cast and pressed charges
have been studied. Experiments have been conducted over a
pressure rangs from 30 to 120 kilobars. in the cast charges
the initial wave in the shocked specimen 1-.s the character of a
non-reactive shock. The initial wave velocities in these charges
have been used to compute the peak prejsures behind these initial
whocks. The bmi'd-up to detonativn he* been 'ouid tO be. iei&6it1v6
to the RD" purticle Size in two cyclotols of very similar composi-
tion aiad density. The build-up to dotination has further been
found to occur more rapidly in pressed charges than in cast
charges of the same composition and density. These observations
lead us 'o conclude that in this range of iritial shock pressures,
the init~ation occurs at localized centers from which the
reaction spzeads. Before wN can be suri that the hot-spot
mechanism is the only mechanism for polycrystalline eolids at
higher shock pressures more inrormation is needed in the higher
range. In particu'.ar it will be necessary to develop au equation
of astate for solid oxploaives in which the temperaturw can be
accurately defined. It remains a possibility ii the higher range
of pressures, between about 120 kilobars and the detoration
pressure, that there may be competing processes going on. More
or less homogeneout reaction nay Le taking place when the Hugoniot
energy jump exceeds about 100 cal/gm, phzticulaely if the
activation energy can be decreased by compres&ion as has been
recently suggested by Taller (32). It also remains for future
work to establish the details of ths process of localized initLa-
tilon of reaction near the threshold limits o* rhock premcures,
that is, in the range of pressure* bolow k00 k.ohbara for mozt
solid military explosivas.

12
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Of TABLE 1
The Explosives Stuuied,

Their State and Dsnsities

. " JE::p-ltaVtw Density , Q/_ -N3
1 . Composition D

RD,/TdT/Wax i 59/40/1 Cast 1.71

2. Composition 9-3
R •/TNT 60/40
(Mean REK Particle sitea
60-80 microns) Cast 1.72

3. Cyc otol
RWN/TNTY 75/25 Cast 1.73

4. Trinitrotoluene (TNT) Cast 1.58
(Microcrystalline) 1.62

5. Tririttotoluene Pressed 1.51
(Mean Pad-ti.le Sitea 1.61
40-80 microns) 1.*64
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TABlLE 2

Fxperimental Constants for Equation I1
(U and u in mwm/miczoa~cond)

;aterial -_ e. ab c

Naval Brass 8.37 3.560 1.833 0

Plexiglas 1.18 2.710 1.568 -0.037

, Lucite1  1.29 2.588 1.51

TNT 1.60-1.62 2.39 2.05 0

TNT (liquid)2  1.472 2.00 1.68 0

Composition P B-3 1.72 2,71 1.86 0

1. Rleference 12

2. Reference 30
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